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ABSTRACT
Mantle cloaking has been used to achieve invisibility of dielectric cylinders in the
microwave spectrum. Analysis and measurement results of the electromagnetic scattering
of a dielectric cylinder covered with a cylindrical metasurface reveals the cancellation of
the dominant scattering mode for normal incident angles. A cylindrical mantle cloak was
designed using an analytical model and verified with full-wave simulations for a dielectric
cylinder whose performance was then measured using a near-field system. Three copper
strips on the surface of the dielectric cylinder were used to create a cloaking effect at 2.2
GHz in the frequency range 1.7 - 2.6 GHz. An NSI 200V 5’ x5’ near-field scanner was then
used to measure the effectiveness of the cloak design by scanning the total electric nearfield in the forward scattering region of a cylinder impinged normally by a TM polarized
electromagnetic wave. The scattered electric fields are obtained from the total electric fields
to show scattering reduction. This demonstrated further effectiveness of a mantle cloak at
different wavelengths than had been done in the past. By using simple vertical strips made
from copper tape it was possible to cloak a dielectric cylinder. It was also shown that using
a near-field system was sufficient to measure the cloaking effect.
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CHAPTER 1

INTRODUCTION

Radar has been around since the 1940s and is used for various applications. Police
use it to measure your vehicle speed, air traffic controllers use it to manage takeoffs and
landings at airports and we even track objects in space including junk left in orbit. The
possible uses of radar were not apparent at first. Heinrich Hertz [18] demonstrated that
radio waves would reflect off of objects. Others followed, but no one saw how to use this
phenomenon until Christian Hulsmeyer demonstrated around 1904 that radio waves could
be used to detect distant metal objects. He used this technique to detect ships at sea. It
wasn’t until just before World War II that serious work was done by nation sponsored groups
to use radio waves to find the range to an object. Hence the name coined by the USA Navy,
Radio Detection And Ranging or RADAR.
Radar uses various wavelengths for different applications. These can vary from the HF
band starting at 3 MHz to the W band ending at around 110 GHz range. The basic principle
of radar is a radio wave that is incident on an object reflects or ”scatters” the incident
electromagnetic wave. Some of the wave reflects back in the direction it originated. When
the source and detector are at the same location, this is called a mono-static measurement.
Since the sender knows when the signal was sent and received, the distance to the object
can be calculated. Early on it was more difficult to establish direction so research proceeded
1

to improve resolution. Shorter wavelengths give better resolution, but less distance because
of attenuation.
Speed was calculated using the Doppler shift of the wave. If an object is coming
toward you the reflected waves are shifted to a shorter wave length and as they move away
they are shifted to longer wavelengths. The amount of shift determines the objects speed.
Modern uses of radar are varied. We use it to detect water droplets in the air to see
clouds and rain. Air traffic controllers use it to manage traffic around airports. The military
uses it to locate targets. The geologist uses ground penetrating radar to map sub surface
structures in soil and rock. It is used to map the ocean floor or the land masses of the Earth
and other bodies in our solar system.
Since the inception of radar, people have wondered how to hide from it. That is,
how can an object avoid detection? This can be achieved by some different methodologies.
We could reduce the electromagnetic scattering in the direction of a listening receiver. If
there is nothing scattered in that directions, the object would not be seen. Another method
is to generate a signal whose interference effectively cancels out the scattered wave. Metasurfaces can be used to generate the needed canceling interference from surface reactance.
Surfaces have been employed to decrease any subsequent backscattering, but have not been
completely effective. Reducing the radar cross section has benefits beyond avoiding detection. Antennas can interfere with one another, thus reducing performance. By cloaking an
antenna for another antennas frequency, interference can be reduced. Cloaking an object
to make it invisible using a surface reactance is the goal of ultra thin conformal mantle
cloaking. Different shapes and other materials effect the scattering and subsequent wave
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patterns produced from an incident wave. Unlike stealth technology that seeks to darken or
reflect the scattered wave in a different direction from an observer, cloaking seeks to make
it invisible or transparent from all directions. Of course with more scattering of the incident
wave, an object becomes easier to detect.
The challenge in conformal mantle cloaking is finding a design that creates the desired effect. Several different patterns have been studied in the past. Patterns include strips,
meshes, patches, cross dipoles, and Jerusalem crosses on dielectric and perfect electric conductor (PEC) shapes like spheres, cylinders, and ellipsis. Full wave simulations are performed
to analyze the effectiveness of a pattern’s ability to cloak. Simulations give the best first
approximation of an effective design. Computer Simulation Technology’s (CST) Microwave
Studio [20] is a simulation software package and is used as the simulation framework to
model the electromagnetic field interactions of a cylinder impinged by an electromagnetic
plane wave.

1.1

General Concepts of Cloaking
The concept of cloaking an object to make it invisible has been shown in science fic-

tion, including the 60s television series Star Trek. Although we are far from this kind of science fiction, cloaking is advancing as a field of study with several branches. For the purposes
of this paper, cloaking is described as reducing the visibility of an object at microwave and
near-optical frequencies. There are several ways to go about cloaking an object. Some have
used coordiante transformation, bulky metamaterials, plasmonic and various other cloaking
techniques to achieve invisibility. A fairly new technique called mantle cloaking achieves
invisibility by cancelling the scattering of an object using a thin conformal metasurface that
3

is designed for a desired surface reactance. The elements of the mantle cloak are designed
using analytical methods and parameters refined with a full-wave electromagnetic solver.
The essence of cloaking an object is reducing its scattering cross section (SCS) or radar
cross section. The effectiveness of the cloaks’ ability to reduce the SCS can be measured
using bistatic far-field and forward scattering measurements in the microwave frequencies.
Near-field measurements can also be used to map the fields of the object to demonstrate
cloaking effectiveness.

1.2

Coordinate Transformation
Transforming Maxwell’s equations into different coordinate systems is not new, but

Yan et al. 2008 [26] show mathematically how this can be used to solve required cloaking
conditions for an arbitrary shape. By laying the foundation for the mathematical requirements, they have provided a framework for others to simulate, build and then test for the
required conditions. The result is the bending or routing of the incident wave around an object. The perfect ideal coordinate transformation cloak result is the isolation of the cloaked
object inside a bubble. This prevents the inner object from receiving outside information.
Current research has not achieved the perfect cloak and the object is only partial obscured.
This has been done on a limited bases with metamaterials [11, 17] typically effective in a 2D
plane and symmetric shape. This bending of the electromagnetic field is different from surface cloaks which cancel the scattered wave through destructive interference. Non symmetric
shapes must depend on an active adjustment mechanism. The static nature of current metamaterials make them limited in their use as they exhibit narrow bandwidth functionality
[11]. Another method is a structure on the surface that reduces the back scattering of the
4

incident wave, but does not seek to limit the forward scattering. This method’s requirements
are not as strict and have more effectiveness over a larger bandwidth [13]. This method is
still limited to 2D.

1.3

Plasmonic Cloaking
The reference Chen et al. 2012 [11] states, ”Plasmonic cloaking is a scattering can-

cellation technique based on a homogeneous layer with low- or negative- permittivity and/or
permeability designed to produce a local polarization vector that is in ”anti-phase” with
respect to that of the object to be cloaked.” These coverings typically cloak an object at the
coverings plasma resonance. The reference Alu et al. 2005 [2] found that by using a lossless
metamaterial cover, the scattering of the object near the coverings plasma resonance was
reduced. This made the objects transparent to the incident waves.
The model for cylindrical objects considers monochromatic plane wave incident on
a coated dielectric cylinder at an angle α. The incident plane wave may be expressed as
x̂E0 e[j(k0 z−ωt)] . Figure 1.1 shows an example of a dielectric cylinder covered by a metamaterial cover.

5

Figure 1.1. Example of a dielectric cylinder covered with a metamaterial cover where the
parameters are defined as: cylinder radius a, cloak radius ac , dielectric cylinder permittivity
ε, cloak permittivity εdiel , metal insert width t, and virtual interfaces δ(ac ) and δ(a).

The Lorenz-Mie scattering theory is used to derive the scattering coeffients. Following
the Mie scattering theory, the scattering coefficients can be expressed as [6]

M
cTnm
=−

UnT M
UnT E
TE
,
c
=
−
,
nm
PnT M + jQTn M
PnT E + jQTn E

(1.1)

where PnT M and QTn M are determinants to be solved [6]. The coefficients associated to
TE-polarized cylindrical harmonics can be obtain by electromagnetic duality. Scattering
cancellation may be achieved by setting UnT M = 0 and/or UnT E = 0. One of the ways to measure the cloak’s ability to reduce scattering is to consider the total bi-static scattering width
(SW) [8]. SW is typically plotted against a frequency range to determine the bandwidth
performance of a cloak,

σ2D

∞
4 X
=
(|cTn M |2 + |cTn E |2 ).
k0 n=−∞
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(1.2)

Natural materials such as noble metals and some semiconductors show simple movement of electrons. This Drude-type dispersions at infrared and visible frequencies due to
atomic and electronic transitions at higher energy [8]. A cylindrical structure of metal implants embedded in a host dielectric εdiel can be used to implement a Drude-like metamaterial
at lower frequencies [24]. When excited with an electric field parallel to the to the length of
a cylinder, the effective permittivity is

εef f ≈ εdiel −

N 2 ε0
,
4k02 aac

(1.3)

where N is the number of implants, ε0 is the permittivity of free space, k0 is the free space
wavenumber, a is the radius of the cylinder, and ac is the radius of the cover. If these
parameters are chosen carefully, the effective permittivity can be tailored over a large range
of values, but only if enough metallic implants are used [11]. The distance between the
dielectric material and the plasmonic surface is approximately given by

δ(r) ≈ 0.01

2π
r.
N

(1.4)

UT Austin performed full-wave simulations with CST Microwave Studio [20] for finitelength dielectric cylinders in free space to validate this cloaking method [23]. A plasmonic
shell was designed for a dielectric cylinder with parameters (3ε, µ), length of 1.8λ0 , diameter
2a = λ0 /4, where λ0 = f0 /c is wavelength and f0 = 3 GHz, c is the speed of light. Dielectric
losses are considered with tanδ = 0.002|3 GHz . The cloak is designed for a TM polarized
impinging wave normally incident on the cylinder. This produces largest scattering cross
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section so the cloak is tuned to cancel the dominant scattering multipole C0T M . The shell
thickness is ac − a. A thin conformal design of ac /a = 1.3 was chosen to avoid excitation
of higher order resonances. The metal implants were assumed to be made of copper with
a conductivity of 5.8 × 107 S/m. The plasmonic shell required an effective permittivity
εc = −13.6ε0 . The cloak contained N = 8 vertical strips inserted into a filling dielectric of
ε = 16ε0 of thickness ac − a = 0.0375λ0 . Simulation results showed a nearly 12 dB scattering
reduction at f = 3.13 GHz and an effective bandwidth of BW = ∆f0 /fcenter = 14.7% [11].
Furthermore, near-field and far-field measurements of a fabricated plasmonic cloak
were performed at UT Austin. The cloak was made from separate sectoral pieces of Cuming
Microwave C-Stock dielectric material and vertical metallic implants made of 66 µm thick
copper strips. The pieces were held together around the cylinder with Teflon end caps. Teflon
was used because it has minimal effects on the cloak, although a hard foam, εfoam ≈ 1.1 could
have been used which might have a lower permittivity than Teflon, εTeflon ≈ 2.1. It is possible
that the Teflon caps were easily available.
Near-field measurements were made of the uncloaked and cloaked dielectric cylinder
when illuminated by a Gaussian beam produced using a horn antenna [23, 11]. Wave propagation in free space was also measured for comparison. These measurements were made
for incident angles of α = 90◦ and α = 60◦ . The near-field scan area in the yz-plane was
a square azimuthal cut of area 2.16λ0 × 2.16λ0 for normal incidence and 3.10λ0 × 3.10λ for
oblique with step size delta ∆y = ∆z = 0.0674λ0 at f0 = 3.11 GHz. The probe was placed at
80% the height of the cylinder for normal incidence and 50% for oblique. Data was acquired
using an Agilent 5071C vector network analyzer and 3D Fanuc LR Mate robot arm for ex-
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periment repeatability. When the near-field data snapshots are compared, it is obvious that
the fields impinging the cloaked cylinder are restored to near perfect free space conditions
around 3.1 GHz. Since the Gaussian field pattern contains a more complex angular spectrum
then a plane wave (as used in full wave simulation), this showed the cloak functionality is
independent of illumination form for TM polarization.
Bistatic RCS far-field measurements were performed along the elevation plane at
several angles [23]. The scattering gain plot shows the ratio between the RCS of the cloaked
and uncloaked cylinder which quantifies the scattering suppression of the real and simulated
plasmonic cloak [11]. The transmitting and receiving broadband horn antennas were place at
a distance of R = 14λ0 = 140 cm. The transmitting antenna was fixed at (φtx = 0◦ , θtx = 90◦ )
while the receiving antenna was positioned at several elevation angles at (φrx = 0◦ , −90◦ ≤
θrx ≤ 30◦ ). This measures the forward scattering and back scattering. The results showed
that the forward scattering suppression was reduced by more than 10 dB at 3.13 GHz.
An interesting application of a plasmonic cloak and mantle cloaks is cloaking sensors
for noninvasive near-field measurements [3, 4, 5, 14]. Since the plasmonic or mantle cloak
allows the fields to penetrate into the interior of the cloak, this technique can allow for cloaked
sensing, noninvasive probing, and low interference communication. Some experiments have
been done to reduce the scattering of receiving antennas, semiconductor photo-detectors and
near-field scanning optical microscope (NSOM) tips. In the case of the NSOM tips, cloaking
reduces the effect the probe tip has on the measurement.
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1.4

Mantle Cloaking
Patterned metallic surfaces can be used to alter the scattering of an object illuminated

by an electromagnetic wave [1]. Transformation based metamaterial cloaks are unfortunately
bandwidth limited and are often impacted by losses and imperfections [17, 12]. In contrast,
a mantle cloak is based on non-resonant features and, hence, does not rely on metamaterial
resonances to induce effects. By selecting proper patterns, the average surface impedance
can alter the scattering profile of the object. Induced surface currents on the cloak surface
radiate anti-phase scattered fields that cause destructive interference with the scattered field
of the cloaked object resulting in a reduced scattering cross section (SCS). Mantle cloaks are
ultra-thin, conformal, simple, and lightweight making them a great candidate for cloaking
microwave, millimeter-wave and THz technology [11].
Metasurfaces are periodic arrays that reflect, transmit, or absorb electromagnetic
fields and can be used to achieve a desired surface impedance. Metasurface elements are
sub-wavelength and come in different shapes such as strips, meshes, patches, and slot type.
Finding a pattern that creates the destructive interference then becomes the challenge. Analytical solutions for several patterns have been investigated by Padooru et al. [22]. Full-wave
solvers, such as HFSS and CST, are used as a first step in testing a proposed pattern. The
design is then fabricated and tested on a near-field and/or far-field range.
Different materials and metasurfaces have been used to cloak a dielectric cylinder.
One of the thinnest uses a graphene monolayer [9]. This surface was successful in reduction
of the radar cross section in the far-infrared and terahertz frequency range. An important
feature of the graphene layer was the ability to tune the conductivity by varying the bias
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voltage. This allowed for a small tunability of the effected frequencies to better cloak the
cylinder.
In reference [1], their proposed theoretical model of a mantle cloak assumed a metasurface could be modeled as an isotropic and homogeneous averaged surface impedance
Zs = Rs + jXs . This related the averaged tangential electric field at the surface Etan to the
−
averaged tangential induced surface current Js as Etan = Zs Js , where Js = n̂ × (H+
tan − Htan )

and n̂ is normal to the cylinder, due to boundary conditions. They showed theoretically and
numerically that a mantle cloak with a properly designed surface impedance may significantly
reduce the scattering cross section of dielectric or conducting objects [1, 10].
The Lorenz-Mie scattering theory can be used to solve the scattering problem, as was
done for the plasmonic cloak. Again, scattering reduction can be achieved by suppressing
Un for the dominant scattering orders or enhanced resonant scattering by suppressing Vn .
These conditions can be met by choosing ac and Xs appropriately. Depending on the pattern
chosen, recipes for design parameters have been studied in detail.
Passive metasurfaces are also bandwidth limited due to Foster’s reactance theorem[15]:
the reactance of any passive system or network with small losses should monotonically increase with frequency. This tells us that very broadband performance may not be achieved
with a passive metasurface. This is a limitation of this technique.
Metasurfaces have been studied at RF for filtering and antenna applications. Metals
behave almost like perfect conductors at microwave frequencies allowing nearly lossless reactive surface to be designed. Many surface structures such as strips, grids, cross dipoles,
and Jerusalem crosses have analytical design formulas that have recently been applied to
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conformal cylindrical mantle cloaks [21, 16, 22].
Strips of conducting material can be applied to a dielectric to induce surface reactance
that either constructively or destructively interfere with an impinging electromagnetic wave.
One example is vertical strips on a dielectric cylinder. Using a mesh grid is another method
where the conducting material is applied in a grid pattern [22] to a dielectric material. Mesh
grids have been applied to a dielectric cylinder with good results. Slotted elements are laid
out in a grid cell pattern and the grid cell pattern is repeated in an array layout. Examples
of patterns used are slotted cross dipoles as shown in Figure 1.2(c) and slotted Jerusalem
crosses in Figure 1.2(d).

(a)

(b)

(c)

(d)

Figure 1.2. Design of elements for metasurface cloaks: (a) vertical strips, (b) mesh grid, (c)
slotted cross dipole, and (d) slotted Jerusalem cross.
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Researchers at UT Austin have made progress with mantle cloaking [25]. They successfully cloaked a dielectric cylinder with a mesh grid type mantle cloak made of copper
tape. They used horn antennas and a vector analyzer to measure the bistatic far-field at
various angles around the cylinder. A robot arm with a probe was used to take near-field
measurements around the center plane of the cylinder. The robot arm had the advantage of
measuring the full plane as opposed to a section of the plane. They were able to show that
the incident fields near the cylinder would be restored after passing through the cylinder,
thus reducing scattering.
Full-wave numerical analysis was performed be the reseachers at UT Austin using
CST. The chosen design was a mesh cloak for a finite length dielectric rod. The dielectric rod
had electromagnetic properties (3ε, µ), length = 18 cm = 2.2λ, diameter = 2a = 24.9 cm =
0.31λ and a design frequency f0 = 3.73 GHZ. A conformal cloak ac /a ' 1 was chosen for its
ultralow profile and bandwidth performance [1, 10]. The cloak was designed to suppress the
dominant C0T M scattering mode with an inductive surface reactance Xs = 195 Ω, illuminated
by TM polarized wave at the design frequency. The cloak had 36 apertures with trace
thickness = 0.01λ = 1 mm, aperture width W = 1.8 cm = 0.22λ. Since the cloak is made
from copper which has a high conductivity, they assumed near perfect electric conductor
meaning low- or negligible- losses. Hence, the cloak is purely reactive. They compared
their analytical and full-wave result and found good agreement. To visualize the SCS, they
modeled the 3D far field pattern for the cloaked and uncloaked cylinder.
The cloak was fabricated from copper tape 66.0 µm thick attached to polycarbonate
flexible film 100 µm thick [25]. The traces were 1 mm wide in a fishnet design. The cylinder
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was simulated with a non-ideal lossy model where the loss tangent = 0.002 at 3.7 GHz.
The far field bi-static RCS was measured for cloaked and uncloaked cases and compare with
simulation results. The transmitting and receiving horns are placed at radius R = 17.5λ from
the target. The horns are calibrated ETS-Lindgren 3115 Ultra-wide band horn antennas.
Data acquisition was done with an Agilent E5071C vector network analyzer. The azimuthal
bi-static plane was measured over various angles of the receiver. Time gating was used
because the tests were not performed in an anechoic chamber. They show RCS comparisons
and the total scattering width between uncloaked and cloaked, raw and time gated data.
Substantial cloaking performance was achieved at the design frequency.
Near-field mapping was performed using a 3D near-field scanning system [25]. The
horn was placed 2.6λ0 from the target. The scan area was 2.4λ0 × 2.4λ0 with a resolution
of ∆x = ∆y = 0.08λ. Measurement were made for three cases: uncloaked, cloaked, and
free-space. The probe was positioned at a constant height of 80% the length of the cylinder
in the azimuthal plane, except when the probe would intersect with the cylinder. The cloak
performed well near the design frequency.
The study presented here proposes using three copper strips to reduce the scattering
of a dielectric cylinder. The frequency range tested is between 1.7−2.6 GHz. CST is first used
to model the interactions and subsequent scattering. We purpose using near field equipment
to measure the effectiveness of cloak design. This includes a horn antenna producing an
incident electromagnetic wave and reading the near field resultant waves with a open-ended
waveguide (OEWG) probe.
It is hypothesized that three vertical strips made of copper tape on a dielectric cylinder
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with permittivity 3ε0 , where ε0 = 8.854... × 10−12 F/m, will produce a cloaking effect at 2.2
GHz. That is, the incident wave will not be perturbed by the cloaked cylinder.
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CHAPTER 2

CLOAKING OF DIELECTRIC CYLINDER WITH METASURFACE

2.1

Analytical Solution of Scattering Problem
Consider the geometry in Figure 2.1 in which a transverse magnetic (TM) polarized

plane wave is normally incident on an infinitely long dielectric cylinder with relative permittivity εr and radius a, covered by a conformal mantle cloak of radius ac = a. The mantle
cloak is realized by using a patterned metasurface that utilizes unit-cell elements that are
much smaller than the wavelength of operation. Thus, the metasurface can be characterized
by a homogeneous surface impedance Zs , which is related to the tangential electric field on
the surface to the induced average electric surface current density: Etan = Zs Js . The term
Zs can be written in the complex form as Rs + jXs , where Rs represents surface losses and
Xs accounts for the stored energy, and can be inductive (Xs > 0) or capacitive (Xs < 0)
reactance. Assuming no losses, Zs = jXs .
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(a)

(b)

Figure 2.1. Schematic representation of (a) cylindrical object covered by a vertical strip
cloak and (b) impinged by a TM polarized wave at normal incidence

The problem is analyzed using the method of separation of variables to solve the 2-D
wave equation in cylindrical coordinates (ρ,φ,z). The incident, scattered, and transmitted
electric and magnetic fields are expressed in cylindrical coordinates and an ejωt time dependence is assumed [7]. The incident electric field in the free-space region ρ > a can be
represented by:
Ezi

= E0 ẑ

∞
X

j −n Jn (k1 ρ)ejnφ

(2.1)

n=−∞

√
where Jn (·) is the cylindrical Bessel function of order n, k1 ≡ ω 0 µ0 is the free-space
wavenumber, E0 is the electric field constant, ρ is the radial variable, and φ is the angular
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variable . The scattered electric field in the free-space region ρ > a can be expressed as:

Ezs

∞
X

= E0 ẑ

an Hn(2) (k1 ρ)ejnφ

(2.2)

n=−∞

where Hn(2) (·) is the Hankel function of the second kind of order n, and an is an unknown
coefficient to be determined. Likewise, the transmitted electric field inside the dielectric
cylinder 0 < ρ < a can be written as:

Ezt

∞
X

= E0 ẑ

[bn Jn (k2 ρ) + cn Yn (k2 ρ)]ejnφ

(2.3)

n=−∞

where Yn (·) is the Neumann function of order n, k2 ≡

ω√
r µr
c

is the wavenumber inside the

dielectric cylinder, c is the speed of light, µr = 1, and bn and cn are the unknown transmitted field expansion coefficients to be determined. The incident, scattered, and transmitted
magnetic field components can be obtained by using Maxwell’s Faraday equation ∇ × E =
−jωµH where ∇ × Ez =

1 ∂Ez
ρ̂
ρ ∂φ

−

∂Ez
φ̂
∂ρ

1
and µ = µ0 . Thus, H = − jωµ
0



1 ∂Ez
ρ̂
ρ ∂φ

−



∂Ez
φ̂
∂ρ

.

Therefore, the magnetic fields can be written as:

∞
E0 k1 X
0
φ̂
j −n Jn (k1 ρ)ejnφ
jωµ0 n=−∞

(2.4)

∞
E0 k1 X
0
φ̂
an Hn(2) (k1 ρ)ejnφ
jωµ0 n=−∞

(2.5)

∞
E0 k2 X
0
0
φ̂
[bn Jn (k2 ρ) + cn Yn (k2 ρ)]ejnφ
jωµ0 n=−∞

(2.6)

Hφi =

Hφs =
Hφt =
0

0

0

where Jn (·), Yn (·), and Hn(2) (·) are the first derivatives of the cylindrical Bessel, Neumann,
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and Hankel function of the second kind with respect to ρ. The unknown coefficients an , bn ,
and cn can be determined by applying boundary conditions at the cloak interface. Since
the fields within the dielectric cylinder are finite, we assume cn = 0. To find an and bn , the
boundary conditions are [22] : (1) continuity of tangential electric field components at the
boundary of the dielectric cylinder (ρ = a) and (2) two-sided impedance boundary conditions
at the mantle cloak interface (ρ = ac = a),

Ezi + Ezs |ρ=a = Ezt |ρ=a

(2.7)

Ezt |ρ=a = Zs [Hφi + Hφs − Hφt |ρ=a ].

(2.8)

Again, Zs is the surface impedance of the metasurface, which Padooru 2012 [22] provides
many analytical formulas for various patterns. Considering the electric and magnetic field
equations (2.1)-(2.6), and the first boundary condition (2.7) we obtain,

∞ h
X

i

j −n Jn (k1 a) + an Hn(2) (k1 a) ejnφ =

n=−∞

∞
X

[bn Jn (k2 a)]ejnφ .

(2.9)

n=−∞

Using the orthogonality property, (2.9) is satisfied by:

an Hn(2) (k1 a) − bn Jn (k2 a) = j −n Jn (k1 a).

(2.10)

Substituting in the electric and magnetic fields into the second boundary condition (2.8) we
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obtain:

∞
X

[bn Jn (k2 ρ)]ejnφ

n=−∞

"

= Zs

∞
∞
∞
k1 X
k2 X
k1 X
0
0
0
j −n Jn (k1 a)ejnφ +
an Hn(2) (k1 a)ejnφ −
bn Jn (k2 a)ejnφ .
µ0 n=−∞
µ0 n=−∞
µ0 n=−∞

#

(2.11)

Using the orthogonality property, (2.11) is satisfied by:

"

#


k2
Zs k1  −n 0
0
bn Jn (k2 a) =
j Jn (k1 a) + an Hn(2) (k1 a) −
(bn Jn 0 (k2 a)) .
jω µ0
µ0

(2.12)

Rearranging we obtain:

0
an Hn(2) (k1 a)

!

− bn

jωµ0
k2 0
0
Jn (k2 a) +
Jn (k2 a) = −j −n Jn (k1 a).
k1
k1 Zs

(2.13)

Equations (2.10) and (2.13) can be written in matrix form:








Hn(2) (k1 a)
0
Hn(2) (k1 a)



 a 
−Jn (k2 a) 
 n 



−X

bn






=








j −n Jn (k1 a) 

j

−n

0

Jn (k1 a)




(2.14)

where X is defined as
X=

√

εr Jn 0 (k2 a) +

jωµ0
Jn (k2 a).
k1 Zs

(2.15)

Solving the system of equations matrix in (2.14) for an and bn , we obtain:

an = j −n

Jn 0 (k1 a)Jn (k2 a) − XJn (k1 a)
(2)0

(2)

XHn (k1 a) − Jn (k2 a)Hn (k1 a)
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,

(2.16)

bn =

0
(2)0
(2)0
−n Jn (k1 a)Hn (k1 a) − Jn (k1 a)Hn (k1 a)
j
,
(2)0
(2)
Jn (k2 a)Hn (k1 a) − XHn (k1 a)

(2.17)

where an can be used to calculate the scattering width. The coefficient an can also be written
as an = −P/(P − jQ), where the determinants P and Q can be expressed as:

P =

Jn (k1 a) Jn (k2 a)

,Q =

Yn (k1 a) Jn (k2 a)

.

(2.18)

0

0

Yn (k1 a) X

Jn (k1 a) X

Once the surface impedance Zs is known, the scattering problem can be solved. The
total scattering width (SW) is given by:

σ=

∞
2
4 X
aTn M .
k0 n=−∞

(2.19)

For our design, we choose to cloak our cylinder at 2.2 GHz with radius a = 1.905 cm.
This frequency was chosen because a cloak could be easily crafted from copper tape on a
large cylinder and the frequency is near the middle of a waveguide band. We can numerically
solve (2.16) over a range of Zs and our selection of εr and a to obtain an inductive surface
reactance Xs = 265 Ω, which is where the SW is at a minimum. The periodicity (D) and
width (w) of the vertical strips can be determined using Xs and the following formulas [22]:

N=

ZsT M,Vstrips
T M,Vstrips

where Zs

2πa
,
D

jωη0 D
πw
=
ln csc
2cπ
2D




(2.20)



sin2 θs
1−
,
εr + 1
!

(2.21)

= jXs = j265 Ω and θs = 0 for a normally incident plane wave. Equation
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(2.21) can be rearranged to solve for w in terms of D:

2D
2cπXs
w=
sin−1 exp −
π
η0 ωD




!!

.

(2.22)

MATLAB [19] can be used to numerically solve for w over a range of D. Table 2.1 shows
parameters for a few values of N that will be verified. Figure 2.2 has been plotted for various
D and w when Xs = 265 Ω.
Table 2.1. Inductive strip parameters for N number of strips around the cylinder
N D
3 3.99
4 2.992
5 2.394

w
εc
0.2302 3
0.07738 3
0.02781 3

ac = a
1.905
1.905
1.905

Figure 2.2. Inductive strip parameters for Xs = 265 Ω.
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2.2

Analytical and Full-wave Simulation of Scattering Width
To test the design, MATLAB [19] is used to solve for an over a frequency range for

the ideal case of an infinite cylinder. This gives a preliminary look at the scattering width
and allows for adjustment of the strips.
The total scattering widths for the analytical and full-wave results are plotted in
Figure 2.3 and Figure 2.4. The figures illustrate that the design may work well for any of
these three configurations of strips. Notice there is a small shift in the full-wave simulation
(Figure 2.4) for N=4 and 5. This is likely due to some inaccuracies in the object meshing
since the strip widths become very small. These inaccuracies could be rectified if smaller
mesh unit-cells are used but this greatly increases computing time.

Figure 2.3. Analytical total scattering widths for uncloaked and cloaked cases with N = 3,
4, and 5.
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Figure 2.4. Full-wave simulation of total scattering widths for uncloaked and cloaked cases
with N = 3, 4, and 5 compared with analytical uncloaked and cloaked scattering width.

Once we are satisfied with the cloak design, a full-wave electromagnetic solver is used
to analyze the near-fields of the cloaked cylinder. Using CST Microwave Studio 2014 [20],
a dielectric cylinder covered by the metasurface is created with our specifications. Field
monitors are chosen over the design bandwidth that our near-field probe can measure, that
is 1.7 − 2.6 GHz. The boundaries of the cylinder can be selected such that we can choose a
infinite cylinder (periodic structure) or a finite cylinder (open with added space).
In Figure 2.5, the electric field (Figure 2.5(a)) and power flow distributions (Figure 2.5(b)) of an infinite dielectric cylinder are shown uncloaked and cloaked with N = 3
vertical strips. The TM polarized plane wave travels along the −ẑ direction and illuminates
the infinite cylinder. In Figure 2.5(a), the left image shows the perturbation of the impinging
wave by the dielectric cylinder. The right image shows the scattered field from the cylinder
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is suppressed by the cloak and the wavefront is nearly unperturbed. Figure 2.5(b) shows
the power flow of the cylinder when uncloaked (left), and cloaked (right). The uncloaked
image shows that the power flow is greatly disturbed by the cylinder, creating a shadow
in the forward direction, but flows around and through the cloaked cylinder without much
disturbance.

(a)

(b)

Figure 2.5. Full-wave simulation results of the (a) electric field and (b) power flow distributions at f = 2.2 GHz on the xz-plane: uncloaked (left) and with the vertical strip cloak
(right), N=3.
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Figure 2.6 shows the electric field and power flow distributions around the cylinder,
but at f = 2.0 GHz. Again, the electric field is perturbed for the uncloaked cylinder in
the left image of Figure and the right image shows that the cloak partially cancels out the
cylinder’s scattered field. Furthermore, examination of the power flow distribution in Figure
reveals that the energy flow through and around the cloaked cylinder is partially impeded,
which results in a shadow in the forward direction.

(a)

(b)

Figure 2.6. Full-wave simulation results of the E-field distributions at 2.0 GHz on the xzplane: (a) without the cloak and (b) with the vertical strip cloak, N=3. Power flow distribution on the xz-plane: (c) without the cloak and (d) with the vertical strip cloak, N=3.
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Finally, Figure 2.7 shows the electric field and power flow distributions around the
cylinder at f = 2.4 GHz. This figure reveals the cloak partially reduces the scattered fields
and power flow is impeded through and around the cloaked cylinder. Ideally, the design

(a)

(b)

Figure 2.7. Full-wave simulation results of the E-field distributions at 2.4 GHz on the xzplane: (a) without the cloak and (b) with the vertical strip cloak, N=3. Power flow distribution on the xz-plane: (c) without the cloak and (d) with the vertical strip cloak, N=3.

of the cloak will perform well at 2.2 GHz. Since an infinite cylinder cannot be made, a
finite cylinder that is longer than the design wavelength will need to be simulated in CST
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Microwave Studio to verify that the cloak still reduces the scattering width of the cylinder
before the design is fabricated. These results will be presented in the next chapter.
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CHAPTER 3

SIMULATION AND MEASUREMENT OF FINITE DIELECTRIC CYLINDER

3.1

Software
MATLAB [19] is an engineering programming tool that will be used to calculate the

desired cloak surface reactance, strip widths and spacing, and verify the scattering width
over our frequency range. MATLAB will also be used to process data that is measured using
the near-field system.
Once we are satisfied with the cloak design, a full-wave electromagnetic solver is used
to analyze the near-fields and far-fields of the uncloaked and cloaked cylinder. Using CST
Microwave Studio 2014, a dielectric cylinder with and without the metasurface cloak can be
modeled with the desired specifications. Near- and far- field monitors will be chosen over the
design bandwidth that correspond to the frequency range 1.7 − 2.6 GHz. The boundaries of
the cylinder can be selected such that we can choose a periodic structure (infinite cylinder)
or a finite cylinder (open with added space). This will allow us to compare MATLAB results
with a full-wave simulation.
Nearfield Systems Inc. (NSI) antenna measurement software, NSI 2000, controls
instrumentation and performs data acquisition and processing for planar, cylindrical, and
spherical near-field and far-field systems. The program will be used to perform near-field
measurements on the scattering of the dielectric cylinder and perhaps display some near-field
29

and far-field data. NSI 2000 is installed on a computer that communicates with an NSI 200v
planar near-field scanner and an Agilent network analyzer over GPIB.

3.2

Hardware
Two dielectric cylinders (Figure 3.1) were purchased from Emerson & Cuming Mi-

crowave Products. They are ECCOSTOCKr HiK rods with dielectric permittivity 3ε0 , loss
tangent tanδ = 0.0006, length L = 31 cm ≈ 2.27λ0 , and diameter 2a = 3.81 cm. With
two identical cylinders, measurements can be made quickly by simply swapping between an
uncloaked and cloaked cylinder.

Figure 3.1. Two dielectric cylinders with dielectric permittivity 3ε0 , loss tangent tanδ =
0.0006, length L = 31 cm, and diameter 2a = 3.81 cm: (top) cloaked with three strips and
(bottom) uncloaked.

The NSI 200v-5x5 vertical planar near-field measurement system (Figure 3.2) is a 5’
x 5’ inverted ”T” scanning system. It can interface with a wide variety of RF equipment and
can measure the amplitude and phase patterns from S-band to millimeter wave bands. The
NSI standard beam controller (Figure 3.3) provides triggering control for an Agilent E8364B
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performance network analyzer (PNA) (Figure 3.4). Scanner motion is controlled by the 4
axis GPIB Motion Controller which includes a NSI Antenna Range Controller (ARC) and
NSI motion control computer (Figure 3.3). The scanner can move in the two dimensional
xy-plane, although small z-direction adjustments can be made by hand. In addition, the
motion controller can control the polarization axis for the probe, allowing two polarizations
to be scanned in a measurement. This near-field system will be used to measure the electric
near-fields in front of the dielectric cylinder to characterize the effectiveness of the proposed
mantle cloak design.

(a)

(b)

Figure 3.2. NSI 200V near-field scanner: (a) front view and (b) side view.
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Figure 3.3. Photographs of (top) standard beam controller, (middle) antenna range controller, and (bottom) motion control computer.

Figure 3.4. Photograph of Agilent E8364B PNA.

The near-field probe (Figure 3.5) is an open-ended waveguide probe purchased from
Space Machine & Engineering Corp. The probe uses WR430 waveguide that has an operating frequency range of 1.7 − 2.6 GHz. The probe contains two pieces, the waveguide end
and a coax-to-waveguide adapter. Probe compensation is done in the NSI 2000 software.
In addition, mounting hardware for the probe was constructed from a piece of aluminum
obtained from a local metal shop and 6” threaded standoffs purchased from McMaster-Carr.
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(a)

(b)

(c)

Figure 3.5. WR430 open-ended waveguide probe: (a) probe mounted on NSI 200V near-field
scanner, (b) mount and (c) close-up of probe mount.
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The source horn is an ETS-Lindgren 3117 Double-Ridged Guide Antenna (Figure 3.6).
This will produce an electromagnetic beam that will illuminate the dielectric cylinder. The
horn is mounted on a camera stand inside of absorber walls.

(a)

(b)

Figure 3.6. Photographs of ETS-Lindgren 3117 Double-Ridged Guide Antenna: (a) close-up
and (b) side view.

In our lab, there is a very large metal far-field chamber near the measurement area.
In an effort to reduce scattering off of this chamber, absorber walls were constructed to
surround the near-field testing area on three sides (Figure 3.7). Absorber was also placed
on the concrete floor and above the chamber. The cylinder is placed on a stand made from
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PVC and Styrofoam, which should have a negligible effect on the source wave.

(a)

(b)

(c)

Figure 3.7. Photographs of near-field absorber environment: (a) no cylinder, (b) with uncloaked cylinder, and (c) with cloaked cylinder.

35

3.3

Design Procedure for Creating a Cylinder in CST Microwave Studio
The procedure begins by opening CST Studio Suite 2014. We will create a template

that can be reused for future projects. Create a new project and the new template dialog
window is displayed. We use the Microwave Studio and wish to simulate the Bi-static Radar
Cross Section of a large object. The time domain solver is used here, but other choices are
available, e.g. Frequency, Integral, and Eigenmode domain solvers. As stated before, the
frequency range of interest is 1.7 − 2.6 GHz. After all the parameters are set, modeling of
the cylinder can begin.
The parameter list (Figure 3.8) provides a useful way to define variables that are used
to create objects. Any object using these parameters can be updated quickly if changes are
needed or a parameter sweep simulated. We define the length of the cylinder L = 31 cm ≈
2.27λ0 , radius of the cylinder R = 1.905 cm ≈ 0.14λ0 , number of strips N = 3, width of the
strips w, and periodicity of the strips D along with their constants. The user is reminded
that the work should be saved periodically or risk wasting time re-performing tasks. For this
example, a finite cylinder is modeled.
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Figure 3.8. CST parameter list for cylinder and cloak object properties.

To create a cylinder, select the cylinder button under the Modeling tab and press Esc
key. The Esc key causes dialog box appear the allows the user to input cylinder parameters
(Figure 3.9). Since the cylinder will be placed lengthwise along the y-axis in the near-field
range, set orientation to Y. If parameter variable were created, set the outer radius = R,
Ymin = -L/2, and Ymax = L/2. To specify a material for the cylinder, click the material
drop-down box and select new material to define the dielectric material. In the new material
dialog box, set epsilon = 3 and Electric conductivity tangent delta el. = 0.0007 at frequency
2.2 GHz to correspond to our Emerson & Cuming dielectric cylinder we are cloaking.

37

Figure 3.9. Defining the cylinder parameters.
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(a)

(b)

Figure 3.10. Defining new material parameters: (a) permittivity and (b) tangent delta el.

Once the material and the cylinder parameters have been confirmed, the cylinder
should be created in the viewing window (Figure 3.11). Next, the source plane wave can be
defined by double-clicking the plane wave button in the Navigation Tree. Set the propagation
normal, k̂, to X=0, Y=0, Z=-1 and electric field vector, Ey , to X=0, Y=1, Z=0 to create a
plane wave where the electric field vector is parallel to the length of the cylinder and wave
is traveling in the −z-direction.
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Figure 3.11. Model of uncloaked dielectric cylinder.
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Figure 3.12. Plane Wave parameters.

At this point, the boundary around the cylinder is open with some added space as
seen by the black lines outlining the bounding box in Figure 3.11. To adjust boundary
conditions, select boundaries under the Modeling tab. If an infinite cylinder was desired,
one of the directions could be set to periodic. The space around the cylinder can also be
increased by clicking Open Boundary. The reason for adjusting this boundary space is we
can control how much of the near-field is displayed in the results, although larger boundaries
increase simulation time. The space around this cylinder will be defined as a half wavelength
from the center frequency.
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(a)

(b)

Figure 3.13. Defining the (a) boundary conditions and (b) PML boundary.

To obtain resutls, field monitors need to be defined that will solve for far-field/RCS,
near-field, and power flow distributions (Figure 3.14). Select the Field monitor button under
the Simulation tab. For Farfield/RCS, select Transient broadband and the number of sample
frequencies, e.g 81 samples. To add various near-field and power flow monitors, select E-field
or power flow, enter the desired frequencies, and click apply. The field monitors can be
viewed in the navigation tree.
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(a)

(b)

Figure 3.14. Defining the (a) far-field/RCS and (b) near-field monitors.

In addition, the mesh properties can be defined (Figure 3.15). Mesh settings can
have significant effect on accuracy of calculations and simulation time. If small components
are used, a finer mesh will be required for accurate results. Select global properties under
the Simulation tab. Under maximum cell, we can set the cells per wavelength near to and
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far from the model, e.g. 40 and the cells per max model box edge, e.g. 20. Define a more
accurate mesh around the strips, the special properties allows the edge refinement to be
adjusted. In the bottom right corner of the main window, the number of mesh cells can be
seen.

Figure 3.15. Defining the mesh properties.
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Figure 3.16. Defining the edge refinement in special mesh properties.

To run the simulation, select the Time domain setup solver (Figure 3.17) under the
Simulation tab. In the dialog box, set the accuracy to -50.0 dB. Running the simulation at
this point will give a solution for an uncloaked cylinder.
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Figure 3.17. Time domain solver parameters.

Since the cloak parameters have already been defined in the parameter list, it is
easier to make a copy of the uncloaked cylinder CST file than to create an entire new
cylinder setup. To create a cloak for the cylinder, select the Brick under the Modeling tab.
If you can’t select the brick, make sure you have Components selected in the navigation tree.
Enter in the parameters as seen in Figure 3.18. Since the strip width w is dependent on the
periodicity D, which is dependent on the number of strips N , other strip configurations could
be easily generated by simply changing N . Copper has been chosen as the strip material
since this the material the strips will be fabricated from, which has a strip thickness of 0.007
cm. A single strip should appear on the side of the cylinder. Now, in the Navigation Tree,
select the cloak component. Then select Transform under the Modeling tab. A dialog box
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will appear that allows the user to perform various transformations. Set up the transform
as shown in the figure. Three strips can now be seen around the cylinder and the simulation
can now be performed.

Figure 3.18. Defining parameters for one vertical strip of the cloak.
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Figure 3.19. Transforming the cloak to generate additional strips around the dielectric
cylinder.
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Figure 3.20. Model of cloaked dielectric cylinder.

3.4

Full-wave Simulation Results of Finite Cylinder Model
Figure 3.21 compares the uncloaked and cloaked scattering width for a finite cylinder

in free space. Since this is a finite structure, there are frequencies where the cloak does not
perform well, resulting in a more narrow bandwidth than for an infinite cylinder. However,
there is still a good cloaking effect at 2.2 GHz.
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Figure 3.21. Full wave simulation of finite cylinder scattering width.

First, let us look at 1.7 GHz, where the cloaking is not good. In Figure 3.22, the
electric field (Figure 3.22(a)) and power flow distributions (Figure 3.22(b)) of the finite
dielectric cylinder are shown uncloaked and cloaked with N = 3 vertical strips. The TM
polarized plane wave travels along the −ẑ direction and illuminates the finite cylinder. In
Figure 3.22(a), the left image shows the perturbation of the impinging wave by the dielectric
cylinder. The center image shows the scattered field from the cylinder is not suppressed by
the cloak and the wavefront is perturbed when compared to free space in the right image.
Figure 3.22(b) shows the power flow of the cylinder when uncloaked (left), and cloaked
(right). The uncloaked and cloaked images show that the power flow is greatly disturbed by
the cylinder, creating a shadow in the forward direction. Ideally, the power flow would be
evenly distributed if there was nothing to impede the flow.
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(a)

(b)

Figure 3.22. Full-wave simulation results of the finite cylinder E-field distributions at 1.7
GHz on the xz-plane: (a) uncloaked (left) and with the vertical strip cloak (center), N=3,
and free space (right). Power flow distribution on the x-y plane: (b) without the cloak (left)
and with the vertical strip cloak (right), N=3.

Next, we examine 2.0 GHz, where there should be some partial cloaking. Figure 3.23
shows the electric field and power flow distributions around the cylinder, but at f = 2.0
GHz. Again, the electric field is perturbed for the uncloaked cylinder in the left image of
Figure 3.23(a) and the center image shows that the cloak partially cancels out the cylinder’s
scattered field but the field is still distorted when compared with free space in the right
image. Furthermore, examination of the power flow distribution in Figure 3.23(b) reveals
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that the energy flow through and around the cloaked cylinder is partially impeded, which
results in a shadow in the forward direction.

(a)

(b)

Figure 3.23. Full-wave simulation results of the finite cylinder E-field distributions at 2.0
GHz on the xz-plane: (a) uncloaked (left) and with the vertical strip cloak (center), N=3,
and free space (right). Power flow distribution on the x-y plane: (b) without the cloak (left)
and with the vertical strip cloak (right), N=3.

Thirdly, we expect a good cloaking effect and fairly even power flow distribution at 2.2
GHz. Figure 3.24 shows the electric field and power flow distributions around the cylinder
at f = 2.2 GHz. The cloak has restored the wave very well when compared to free space in
Figure 3.24(a) and power is able to flow unimpeded around the cylinder even though there
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is a very small perturbation at the strips. This shows very good cloaking.

(a)

(b)

Figure 3.24. Full-wave simulation results of the finite cylinder E-field distributions at 2.2
GHz on the xz-plane: (a) uncloaked (left) and with the vertical strip cloak (right), N=3.
Power flow distribution on the x-y plane: (b) without the cloak (left) and with the vertical
strip cloak (right), N=3.

Finally, we expect some minimal cloaking at 2.4 GHz. The electric field is perturbed
for the uncloaked cylinder in the left image of Figure 3.25 and the center image shows that
the cloak partially cancels out the cylinder’s scattered field but the field is perturbed when
compared with free space (right). Furthermore, examination of the power flow distribution
in Figure 3.25(b) reveals that the energy flow through and around the cloaked cylinder is
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impeded, which results in a shadow in the forward direction.

(a)

(b)

Figure 3.25. Full-wave simulation results of the finite cylinder E-field distributions at 2.4
GHz on the xz-plane: (a) uncloaked (left) and with the vertical strip cloak (right), N=3.
Power flow distribution on the x-y plane: (b) without the cloak (left) and with the vertical
strip cloak (right), N=3.

3.5

Measurement Procedure
The design from the previous section is fabricated from copper tape with a width

w ≈ 0.23cm and attached to one of the dielectric cylinders that were purchased. Again, the
cylinder is 31 cm long with a radius of 1.905 cm and permittivity of 3ε0 . The near-field
system is then used to measure the electric fields approximately 1λ0 away from the cylinder,
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where the source horn is approximately 1λ behind the cylinder.
Before instrumentation is turned on, the NSI 200V scanner should be inspected for
any obvious damage and proper greasing with white lithium grease. The OEWG probe
should be mounted to the scanner’s rotational axis and the receiving coaxial cable connected
and properly torqued to the probe’s coaxial connector. The source horn should be mounted
on a camera tripod and the transmitting coaxial cable connected. After equipment is turned
on, care should be taken not to stand in front of the horn. If adjustments need to be made,
the NSI standard beam controller (SBC) can be turned off after NSI 2000 has started up.
Remember to turn on the SBC before starting the measurement.
After basic setup, turn on NSI SBC, antenna range controller (ARC), and NSI controller followed by the PNA. Once everything has booted up, NSI 2000 can be started on
the controlling computer. Clicking on the Measurements button will open a window to input various parameters and also allow control of the scanner under the Move axes tab. If
necessary, the scanner can by initialized to the center of the scanning area. Be sure that the
area is clear of obstructions before initializing the range.
At this point we can begin to align the probe, source horn, and cylinder (Figure 3.26).
This can be a long process and time is greatly reduced if you have a colleague to control the
antenna range from the computer while you set up the experiment. Lasers levels mounted on
a stand are very useful and highly recommended for alignment. Start by placing the cylinder
vertically on the stand made of PVC and Styrofoam. The surface of cylinder is placed at
1λ0 away from the probe end. Our range had a fine adjustment knob for the z-axis for ease
of set up. The cylinder should be made level. Next, use the lasers to align the probe to the
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center of the cylinder, as shown in Figure 3.27. Rulers and a framing square seemed useful
here as well. Now the source horn can be set 1λ0 away from the surface of the cylinder.
Be sure that the horn, probe and cylinder are level and center the horn to the cylinder and
probe using lasers.

Figure 3.26. Measurement setup of probe, dielectric cylinder, and source horn.
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(a)

(b)

Figure 3.27. Aligning the source horn, cylinder, and near-field probe: (a) vertical and (b)
horizontal alignment.
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Once alignment is complete, the parameters for the measurement can be setup. In the
Measurements window under the Scan setup tab (Figure 3.28), the boundaries and resolution
of the scan can be determined. Start by clicking Create New Scan. Enter in the dimensions
of the source horn, max far-field angle and probe-to-AUT spacing. Note that the angle
entered is half of the total angular width desired to be viewed. This angle is limited based
on the antenna range limits and the probe-to-AUT spacing. Clicking Auto Scan Setup will
calculate the sampling based on the previous parameters. To increase the resolution of the
scan, increase the number of points to change the delta of X and Y. Under scanning options,
it is recommended that Bi-directional scanning is unchecked. Bi-directional scanning is faster
but tends to smear image data. Clicking Aquire will start the scan, but first more parameters
need to be set.
The Multi-beam setup tab (Figure 3.29) is where a frequency sweep can be set up.
Enter the start and delta frequency and number of frequency points desired until the stop
frequency is reached. As the number of frequency points increases, the scan time increases.
Then click Generate Frequency List. This will setup the network analyzer to sweep over the
desired frequency range. Clicking Beam List in the main window will display the frequencies
that will be measured. The speed of the scan can also be adjusted here if necessary. This
feature is useful as the user can control smearing of the image.
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Figure 3.28. Antenna Under Test (AUT) and scan setup parameters.
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Figure 3.29. Defining a multi-beam frequency sweep.

The Probe setup tab (Figure 3.30) sets the probe model being used for measurement.
Since the setup can scan over a very large frequency range, many OEWG models are present
in the software. In this case, we have an open-ended waveguide made from WR430 waveguide.
The scan gives the user an option to select the sense, i.e. polarization, of the probe during
measurement. The sense can be set to measure the co-polar and cross-polar fields. The
system will scan the entire defined scan area in the first orientation and then repeat the scan
by rotating the probe to the second orientation.

Figure 3.30. Defining the probe OEWG model and probe polarizations

The Reference setup tab (Figure 3.31) gives the user the option to input where the
origin of the scan will be and where the AUT, i.e. the source horn, is located. Since the setup
for this measurement is centered, enter in the probe-to-AUT spacing under the Z direction.
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Figure 3.31. Antenna Under Test (AUT) reference position setup.

The Move axes tab (Figure 3.32) gives the user control over the antenna range for
alignment purposes. The increment drop-down box provides some various values but custom
increments can be entered in by hand. Clicking the plus or minus increment buttons will
immediately move the range in the axis of choice. A specific position can be entered in under
the position column and the antenna range will move to that position when the move axes
button is clicked. Indexing will initialize the selected parameter to its center position by
moving to a limit and then returning to a programmed position. If a custom center other
than the initialized position is used, clicking set position will define the current location of
the probe as center. The system monitor can be used to center the probe at the peak of the
source horn’s beam.
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Figure 3.32. Antenna range axes control setup.

Once setup is complete, clicking Aquire under the Scan setup tab will start the scan.
A prompt will appear asking for a name and location to save data. Clicking save will begin
the scan. A window will pop up displaying the magnitude and phase of the near-field scan
in real time.
After the measurement is complete, near-field data can be extracted by selecting a
beam from the frequency list. Double clicking the near-field button allows the user to select
the polarization to be used. A listing of the data can be generated by clicking the listing
button and then printed to a text file on the computer to be later plotted in MATLAB. The
listing provides the amplitude and phase of the chosen polarization at each point in space.
Also, the near-field amplitudes can be immediately checked within NSI 2000.
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3.6

Measured Near-field Results of the Cloaked Finite Cylinder

(a) 1.7 GHz

(b) 2.0 GHz

(c) 2.2 GHz

(d) 2.4 GHz

Figure 3.33. Measured Total Electric Near-field of incident wave (left), uncloaked cylinder
(center), and cloaked cylinder (right) at 1.7 GHz, 2.0 GHz, 2.2 GHz, and 2.4 GHz. The scan
was measured over a 70 cm x 80 cm area.
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Figure 3.33 shows the total measured electric near-fields for the incident wave (left),
uncloaked cylinder (center), and cloaked cylinder (right) in the forward scattering region.
The real part of the electric field is plotted using magnitude and phase information extracted
from NSI 2000. The main lobe at 1.7 GHz appears to be slightly reduced in the presence
of the cylinder. The cloak appears to moderately distort the main lobe. The main lobe
at 2.0 GHz shows a significant reduction when the cylinder is present. The side lobes are
moderately altered by the scattering of the cylinder. The cloak appears to restore the main
lobe, although with some minor distortion. However, the side lobes are still, to some extent,
perturbed. The main lobe at 2.2 GHz, like the previous case, is reduced and side lobes
perturbed in the cylinder’s presence. The cloak appears to restore the main lobe, although
with some small elongation. The side lobes are almost perfectly restored. The main lobe
at 2.4 GHz is again reduced and the side lobes perturbed in the cylinder’s presence. When
the cylinder is cloaked, the main lobe is mostly restored but with some distortion. The side
lobes are improved with some very small distortion. Examination of Figure 3.35 shows that
at 2.2 GHz, the cloak appears to restore the fields.

64

Figure 3.34. Example of y-axis and x-axis cuts of the total electric near-fields.

To provide another comparison of the fields, y-axis and x-axis cuts of the incident,
uncloaked, and cloaked cases, as shown in Figure 3.34, are compared for each frequency.
Figure 3.35 compares the center y-axis cuts of Figure 3.33 for the incident, uncloaked cylinder, and cloaked cylinder fields. An optimum cloak is achieved at 2.2 GHz with virtually
no distortion of the electric field. At 1.7 GHz, there is more distortion than the uncloaked
cylinder. This supports the hypothesis that a cloaking effect can be achieved at the 2.2
GHz design frequency. Figure 3.36 compares the center x-axis cuts of Figure 3.33 for the
incident, uncloaked cylinder, and cloaked cylinder electric fields. Again, an optimum cloak
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is achieved at 2.2 GHz with virtually no distortion of the electric field. At 1.7 GHz, there is
more distortion than the uncloaked cylinder. This supports the hypothesis that a cloaking
effect can be achieved at the 2.2 GHz design frequency.

(a) 1.7 GHz

(b) 2.0 GHz

(c) 2.2 GHz

(d) 2.4 GHz

Figure 3.35. Measured Electric Near-field along the y-axis of incident wave, uncloaked and
cloaked cylinder at 1.7 GHz, 2.0 GHz, 2.2 GHz, and 2.4 GHz.
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(a) 1.7 GHz

(b) 2.0 GHz

(c) 2.2 GHz

(d) 2.4 GHz

Figure 3.36. Measured Electric Near-field along the x-axis of incident wave, uncloaked and
cloaked cylinder at 1.7 GHz, 2.0 GHz, 2.2 GHz, and 2.4 GHz.
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(a) 1.7 GHz

(b) 2.0 GHz

(c) 2.2 GHz

(d) 2.4 GHz

Figure 3.37. Measured Scattered Electric Near-field of uncloaked and cloaked cylinder at (a)
1.7 GHz, (b) 2.0 GHz, (c) 2.2 GHz, and (d) 2.4 GHz.

Figure 3.37 is obtained by subtracting the incident field from the uncloaked or cloaked
fields from Figure 3.33. This produces a near-field image of the cylinder’s uncloaked (left) and
68

cloaked (right) scattered fields at 1.7 GHz, 2.0 GHz, 2.2 GHz, and 2.4 GHz. Examination of
the left images shows that the scattered fields are congregating near the ends of the cylinder
and increasing in strength at the frequency increases from 1.7 to 2.4 GHz. The right images
show that the cloak performs well around 2.2 GHz.
Figure 3.38 shows the scattered electric fields along the center of the y-axis of each
image at respective frequencies. At the center of the y-axis, the cloak reduces the scattered
field at 2.2 GHz but is not effective around 1.7 and 2.0 GHz. At 2.4 GHz, some scattering
reduction is achieved towards the ends of the cylinder but the center is not cloaked. The
x-axis plots in Figure 3.39 show that there is scattering reduction at 2.0 and 2.2, although 2.2
GHz exhibits the best behavior. At 1.7 GHz, the cloak does not reduce the scattered fields.
There is also some partial cloaking achieved at 2.4 GHz, but the center remains uncloaked.
Again, this data supports the hypothesis that cloaking could be achieved at 2.2 GHz.

69

(a) 1.7 GHz

(b) 2.0 GHz

(c) 2.2 GHz

(d) 2.4 GHz

Figure 3.38. Measured Scattered Electric Near-field along the y-axis of uncloaked and cloaked
cylinder at (a) 1.7 GHz, (b) 2.0 GHz, (c) 2.2 GHz, and (d) 2.4 GHz.
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(a) 1.7 GHz

(b) 2.0 GHz

(c) 2.2 GHz

(d) 2.4 GHz

Figure 3.39. Measured Scattered Electric Near-field along the x-axis of uncloaked and cloaked
cylinder at (a) 1.7 GHz, (b) 2.0 GHz, (c) 2.2 GHz, and (d) 2.4 GHz.
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CHAPTER 4

CONCLUSIONS

We see from the analytical model and full-wave simulation in CST that the three
vertical strips used to form a metasurface on a dielectric cylinder substantially cloaks the
cylinder at 2.2 GHz. Full-wave simulation of a finite cylinder covered with three vertical
strips of copper verify that cloaking can be achieved at the 2.2 GHz design frequency. The
effective cloaking is in a narrow bandwidth, where the electric fields become perturbed at
±200 MHz. This demonstrates that a design can be developed for certain frequencies. The
results of the near-field scan of the electric fields further verify that a finite dielectric cylinder
with dielectric permittivity 3ε0 can be cloaked at 2.2 GHz with three vertical copper strips.
Additional numbers of strips forming the metasurface could be tested to observe
cloaking properties, although they become increasingly thin. This would require the use of
an alternative manufacturing technique.
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[3] Alù, A., and N. Engheta (2009), Cloaking a sensor, Physical review letters, 102(23),
233,901.
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